Both agricultural area expansion and intensification are necessary to cope with the growing demand for food, and the growing threat of food insecurity which is rapidly engulfing poor and under-privileged sections of the global population. Therefore, it is of paramount importance to have the ability to accurately estimate crop area and spatial distribution. Remote sensing has become a valuable tool for estimating and mapping cropland areas, useful in food security monitoring. This work contributes to addressing this broad issue, focusing on the comparative performance analysis of two mapping approaches (i) a hyper-temporal Normalized Difference Vegetation Index (NDVI) analysis approach and (ii) a Landscape-ecological approach. The hyper-temporal NDVI analysis approach utilized SPOT 10-day NDVI imagery from April 1998-December 2008, whilst the Landscape-ecological approach used multitemporal Landsat-7 ETM+ imagery acquired intermittently between 1992 and 2002.
INTRODUCTION
Agricultural land use mapping is required for the monitoring and planning of agricultural resources at local, regional and continental levels. The increasing global population has growing food requirements, currently met by a combination of both agricultural area expansion and intensification. This requires accurate estimations of crop areas and its spatial distributions (Khan et al., 2010) . The availability of current and accurate land use information is vital for food security planning. Supporting this need for information, remote sensing data and its analysis has become a valuable tool for estimating and mapping cropland area, which can aid in such food security monitoring. This study contributes to this issue by focusing on a comparative performance analysis of two mapping approaches: (i) a hyper-temporal Normalized Difference Vegetation Index (NDVI) analysis approach and (ii) a Landscape-ecological approach.
Hyper-temporal NDVI image datasets are regarded as being those within which images have been acquired at a high frequency for long time (McCloy, 2006; de Bie et al., 2008) . They have proven useful in studying the dynamic aspects of crop phenology, and cropping systems due to their easy availability and temporal coverage. The availability of extended NOAA AVHRR, MODIS and SPOT Vegetation and MERIS data has provided the opportunity to study dynamic aspects of land use in detail, with the help of the long-term NDVI data.
Landscape information is considered important for defining spatial planning tasks, and the ultimate management of land use. It does so primarily by contributing to a better understanding of the structure and functions of the area (Turner, 1989) .
Recent advances in remote sensing and geographical information systems technology have not only made a wide variety of data available, but have also made it possible for landscape data at a range of different scales to be handled, compared, and integrated. Therefore mapping using a Landscape-ecological approach is potentially very useful and it is helpful in investigating land and land use aspects (such as flooding, soil hazards, nutrients and water availability). It is worth noting that this approach is based on the integration of land use and landcover interpretations derived from remote sensing inputs from a single timeframe, or from intermittent multiple dates with landscape parameters such as terrain, geomorphology etc.
A number of studies have used either the hyper-temporal NDVI analysis approach e.g. (de Bie et al., 2008; Khan et al., 2010) or Landscape-ecological approach (Zonneveld, 1995; Homer et al., 1997) However, currently there is a lack of information pertaining how the two approaches compare to each other in terms of their performance, accuracy, and applicability. Such information is potentially useful for those seeking to efficiently tailor their approaches to gain the maximum amount of information from studies of similar landscapes. This study explores this comparability, firstly appraising the individual outputs, then comparing the two in terms of their individual performance and proposing the most accurate approach for agricultural land use mapping. In doing so, the study also explored the applicability of both methods, providing an appraisal of their contrasting abilities to capture the spatio-temporal features of land cover and land use that characterised the study area.
MATERIALS AND METHODS

Study area
The Mekong delta forms the southern region of Vietnam (Figure 1) . Agriculture is the predominant economic activity in the region, with an estimated 75% of the population earning their livelihood from agricultural activities. The primary crop is rice (Oryza spp.), with a complex agricultural land use system involving the cultivation which varies spatially between (i) two annual rice crops, (ii) two rice crops with one upland crop and (iii) three rice crops in the region. 
Data used
The hyper-temporal NDVI image dataset was composed of se- (Haruyama and Shida, 2008) , a flooding depth map (Minh, 1995; Yamashita, 2005) Field data were also collected from the 20 th September to 20 th October 2008, and pertained to information on field crop calendars and land observations. The survey involved 118 digitizing rice paddy fields, and crop calendar data collected from farmers through interviews. Sampling stratification and field selection was dictated by the generated NDVI cluster map. Fields located within NDVI clusters which coincided spatially with designated "rice" areas from the land use map 2005 were investigated. Selection was also dictated on the basis of whether or not the field's farmer was available for interview during the survey period.
The hyper-temporal NDVI analysis approach
The hyper-temporal NDVI image dataset (composed of sequential 10-day composited NDVI SPOT images from April 1998 to December 2008) were clustered using an Iterative SelfOrganizing Data Analysis Technique (ISODATA). The image dataset stack was classified in 91 ISODATA runs, producing 91 cluster images outlining the distributions of 10 to 100 clusters, and the associated signature files for each cluster. Subsequent calculation and analysis of average and minimum cluster divergence statistics (Swain and Davis, 1978) determined the choice of the optimal number of clusters to generalise the data.
The method sought an output cluster number with coincident locally high average and minimum separability values. The selected cluster map and its cluster profiles were then explored for temporal and spatial patterns using field data. Each clusters flooding regime was ascertained by associating low NDVI values in mean stacked NDVI images with flooding. Finally an NDVI unit classification map was produced by compiling detailed legend incorporating information on the flooding regime, and cropping regime for each class.
The Landscape-ecological approach
The Landscape-ecological methodology involved the topological overlay of thematic layers of landscape criteria (landcover/land use, geomorphology, flooding regime and elevation), and the subsequent analyses of their resultant combinations (Zonneveld, 1989; Zonneveld, 1995) . A land use/land cover map was produced by delineating areas of relative homogeneity on ETM+ images from the different acquisition dates. Spatial landcover patterns were delineated by visual interpretation of false colour digital ETM+ scenes using criteria such as colour, shape, texture and context, dividing the entire area into map units. These units were labeled with the help of the land use map of 2005 and information gathered from field data. For the map and legend construction, different layers were overlaid to determine the proportion of land in each category. Finally a classification map consisting of a hierarchical legend and incorporating the characteristics of geomorphology, flooding (inundation depths), landcover and land use was produced.
Validation
The hyper-temporal NDVI and landscape-ecological maps were validated with the help of reported crop statistics for two and three cropping rice land use systems per district. Finally, available crop areas statistics were averaged over a five year period (2002) (2003) (2004) (2005) (2006) (2007) to be used in the analysis. Regression analyses were carried out to ascertain the relationship between maps estimating land use areas estimated from maps, and those reported in district crop statistics. This was done separately for both two and three crop rice land use systems.
RESULTS
The hyper-temporal NDVI analysis approach
Analysis of the divergence statistics revealed a notably high average separability at the level of a 77 cluster generalization of the hyper-temporal NDVI image dataset. This coincided with a locally high peak in minimum divergence (Figure 2) . A 77 cluster output was thereby determined as being the optimal clustering option for the dataset. Clusters were further characterised by incorporating elements of the collected field data, and an analysis of their temporal variability. Following cluster characterisation, and the compilation of a legend, a "77 class" NDVI unit map was produced, which was further analyzed with the incorporation of field data to determine the temporal variability of selected classes.
Various land use classes were distinguishable on the basis of crop calendar information collected from field work and NDVI profiles. Profiles showing high NDVI fluctuations peaking twice in a calendar year reflect two rice crops, whilst class profiles showing NDVI peaks three times in a calendar year represent three rice crops (Figure 3 ). Subsequent cluster characterisation and legend construction ultimately produced the Rice NDVI unit map shown in Figure 4 . The grouping of classes is based on similarities in their spatial, temporal and flooding regime information. Out of 26 rice NDVI classes, 10 groups of land use with three rice crops were obtained, along with two rice crops and two rice crops plus one upland crop under different flooding regimes. Flooding was defined as being controlled, uncontrolled, partial and extensive based on the intensity, timings and extent of flooding ( Figure 4 and Figure 5 ).
Landscape-ecological approach
The landscape-ecological map consisted of homogenous land units representing terrain, geomorphology, inundation depths, land cover/land use information (based on ETM+ and Land use map 2005), and analyses of their resultant combinations. The Landscape-ecological approach has hierarchy from general to specific i.e. from terrain to geomorphology, through to flooding and to land use systems. It was only possible to distinguish land use into two rice and three crop rice systems with the help of field data and land use map, 2005 ( Figure 6 and Figure 7 ).
Validation
The NDVI rice unit map exhibited a strong correlation coefficient of 0.92 for two rice crops and 0.88 for three rice crop areas reported in crop statistics data. Scatter plot analysis revealed that the regression line is close to the 1-1 line, showing that NDVI rice unit map generalised to a high degree the land use classes reported in crop statistics data. The explained variability (R 2 ) is found to be 74% and 76% in two rice crops and three rice crops land use systems respectively (Figure 8) .
Validation of the Landscape-ecological map showed that land use class areas estimated by the map are significantly correlated with reported crop statistics, having correlation coefficients of 0.65 and 0.62 for two and three rice crops respectively. Scatter plot analysis revealed that the fitted line is not very close to 1-1 line but still it yields some generalization of reported crop statistics. Furthermore, the explained variability is 64% in two rice and 63% in three rice crop land use systems (Figure 9 ).
DISCUSSION
The hyper-temporal NDVI analysis approach
The hyper-temporal NDVI analysis approach was found to be a useful exercise to improve agricultural land use mapping. The NDVI dataset analysis approach successfully delineated the spatial distributions of all crop calendars prevailing in the Del- ta. Furthermore, it successfully aided in the exploration and understanding of regional flood regimes, clarifying their relationship with local rice land use systems. The derived information not only has categorical classes; but also includes temporal dimensions (mean NDVI profiles) that show how the NDVI classes behave phenologically. For validation of the NDVI map, due to time constraints, it was not possible to collect an independent spatial dataset. Therefore, the NDVI map was validated by correlating it with reported crop statistics. These statistics were successfully generalized to a large extent by the rice NDVI unit map, which shared about 74% of its variability with reported crop statistics in two rice crop land use systems, and about 76% in three rice crop systems. The NDVI approach provided accurate (high R 2 ) and effective spatial information with less user intervention due to the predominantly data-driven approach employed by the clustering algorithm. This broadly corresponds with other studies (e.g. (Sakamoto et al., 2006; Xiao et al., 2006) , where it has been found that the use of NDVI time series increases a study's ability to attain more accurate mapping of agricultural land use. 
The Landscape-ecological approach
The landscape-ecological approach used in this study is less sensitive to the temporal aspects of landcover and land use, and is therefore less suitable for mapping complex agricultural land use systems. The approach uses limited multi-temporal imagery, which can misclassify or omit the finer details of land use systems of high cropping intensity and more complex crop calendars (Cihlar, 1996; Zhang et al., 2009) . The use of subjective photo-interpretation by the user can potentially add to the errors, given the improbability of the user delineating exactly the same categories repeatedly. The approach is also hindered by issues surrounding the sourcing of cloud-free imagery. Furthermore, the use of supplementary datasets potentially adds to the need for more resources geared towards data purchasing and processing. It is also notable that the output of the Landscape-ecological approach only presents spatial information within a single timeframe. As such, it does not incorporate aspects concerning the historical time-series behavior of land use systems, useful for studying special practices like silt deposition in field on 2-3 years cycles, or crop rotation practices.
The validation analysis showed that the Landscape-ecological map explained 64% and 63% of the variability in reported crop statistics for two rice crop and three rice crop land use systems respectively. Less agreement with the crop statistics is apparent in comparison to the NDVI rice unit map, with the regression line lying "not very close" to the 1-1 line. The low correlation can be attributed to the techniques limitations in delineating complex land use systems by employing imagery acquired at intermittent times, and with a limited temporal resolution and extent. Such a limitation in terms of its impact on increasing the potential for errors in interpretation and processing has also been highlighted by Homer et al., (1997) . Similarly Zhang et al., (2009) and Loveland et al., (2000) found that land cover phenology is an important indicator to accurately characterise land cover, and one which is not possible to follow using imagery acquired at irregular temporal resolutions such as those used in the landscape-ecological approach. 
CONCLUSION
On the basis of the outlined results, this study concludes that the hyper-temporal NDVI analysis approach is highly effective in classifying land use in heterogeneous and highly intensive crop areas like the Mekong Delta, Vietnam. The approach successfully adapted to and incorporated the phenomena of annual flooding, and its interaction with regional agricultural land use systems. Furthermore, the approach was found to be relatively easy to implement, more cost effective, and involved less subjective user intervention in the analysis process. The Landscape-ecological approach did succeed in identifying landscape units and land use systems, however this was of a more limited scope. In terms of efficiency, the approach was more time consuming, with a higher associated cost, and was shown to be more prone to errors due to digitization errors, or misinterpretations. Overall, the hyper-temporal NDVI analysis approach produced an output that was more accurate, explaining 10% more of the variability in the reported crop statistics than the Landscape-ecological map. 
